The economy of the Guelmime region is primarily dependent on agriculture and herding. Population growth and economic development result in an increase in water demand and the generation of additional pollution sources. The shallow aquifer of Guelmime is the main reservoir for drinking water supplies and plays a major role in the local economy. The aquifer corresponds geologically to a tectonic depression with Plio-Quaternary fill. In the aquifer, groundwater is characterized by chemical facies of type: Mg-HCO3, Mg-Cl and Na-Cl. The spatial distribution of total dissolved solids (TDS) shows a widening gradient with an increase in salinity downstream of the Oumlaachar and Seyyad sub-basins.
Introduction
Groundwater is composed of water and solutes, together with dissolved gases and possibly entrained fine particles. The sources of the water are commonly meteoric, and the origin of the water can be determined by using stable isotopes of hydrogen and oxygen (Gat et al. 1969; Conrad et al. 1970; Gonfiantini et al. 1973; Payne et al. 1979; Joseph 1990; Clark et al. 1997) . The solutes represent the net effect of many processes, from incorporation of precipitation into groundwater recharge areas, through weathering reactions, to a wide variety of water-rock interactions that have taken place in the aquifer. In the literature, several works study solute behaviour to establish baseline geochemical conditions in material aquifers (Edmunds et al. 1987) , to find the main processes controlling geochemical evolution of groundwater (Thomas et al. 1989) and to illustrate the effects of sea water intrusion into a coastal aquifer (Stuyfzans 1993; Gimenez et al. 1997) . Understanding the chemical principles governing the processes that led to solute addition in groundwater is important, and is the subject of this paper. The study uses hydrogeochemical analyses of the behaviour of major ions for characterization processes.
The study area is approximately 1000 km 2 , and is part of the Assaka basin located southwest of Morocco. The climate is arid with an average annual precipitation of 120 mm. The Plio-Quaternary aquifer constitutes the main water reservoir. Increases in population and agricultural activities generate continuous growth in demand for water and result in a multiplication of pollution sources. As this shallow aquifer is the principal source of freshwater in the region, information on salinization processes in the aquifer are of crucial importance for its long-term sustainability.
Materials and Methods

General Features of the Aquifer
The Guelmime plain ( Fig. 1) is a Plio-Quaternary replenishment of the important depression resulting from intense erosion that the Anti-Atlas formations underwent in the southwestern termination of the Atlasic Chain.
The Anti-Atlas chain is considered to be the oldest mountain lands of Morocco. They are of lower Palaeozoic to Precambrian in age, and in the study area the formations appear as buttonholes corresponding to bulges of the crystalline bottom (buttonholes of Ifni, Bas Draa, Kerdous).
The hydrological basin of Guelmime is a PlioQuaternary aquifer which constitutes part of a vast geographic unit, located 200 km south of Agadir city in the southwest of Morocco (Fig. 1) . It is an arid area, with mean annual precipitation of 120 mm and a surface area of nearly 1000 km 2 . The altitude in the area varies from 650 m in the north and south to 300 m along the southwest axis of the plain. The basin is framed by three exposed and eroded anticlinal folds: the massif of Kerdous along the northeast transect, the buttonhole of Ifni in the north and the massif of Bas-Draa (Taissa mountain) in the south.
The hydrologic and geologic data ( Fig. 2) allow two sub-basins separated by the "Taiert" mountain to be dis-tinguished. The two sub-basins are: the sub-basin of the Oumlaachar river in the north and the sub-basin of the Seyyad and Ouerguenoun rivers in the south. These two sub-basins will be called Oumlaachar and Seyyad.
Electrogeophysical studies and lithological columns (Agoussine 1992 ) from well drilling have enabled recognition of the geometry of the fill materials. In the Oumlaachar valley, Plio-Quaternary fillings present many facies (conglomerate, limestone and limestone of a lacustrine facies). All overlie either sandy schist of lower Cambrian (Georgian) along the northwest border of the plain, or green Acadian schist in the remaining sector. In the Seyyad plain, alluvial river bed deposits of a thickness varying between 2 and 16 m have been observed in well drillings.
Following the irregular lithology of the aquifer, the transmissivity varies widely, and ranges between 10 In this hydrogeological context the recharge of this Plio-Quaternary aquifer could be from direct infiltration of floodwater, lateral inflow from the limestone plateau of the north and by vertical drainage of deep limestones and the Adoudounian sandstone aquifer (Agoussine 1992) .
South of Guelmime city, the water from the plain of Seyyad and the Ouerguenoun river meet water of the Oumlaachar plain and together constitute the Assaka river.
The analysis of the piezometric map (Fig. 3) shows that the groundwater flow proceeds along the axes of primary drainage towards the west. Figure 3 shows the water head distribution in the Guelmime basin. It indicates a general flow path in the two sub-basins: the flow is northeast to southwest in the Oumlaachar sub-basin, and east to west in the Seyyad sub-basin.
Water points sampled are selected along profiles parallel to water flow path (Fig. 4) .
Sampling and Methods
Correct collection procedures, proper preservation methods and accurate analytical techniques are vital to reliable geochemical interpretations in groundwater studies. Uncertainty in the analytical data can be minimized by careful analytical procedures. Most constituents of groundwater are analyzed with an accuracy of 2 to 5%. Similar accuracy for field measurements is achieved. In July 1997, samples were collected along different profiles with respect to the flow path directions in the Oumlaachar and Seyyad sub-basins. The location of the sampling points is illustrated in Fig. 4 . Determinations of temperature, pH, conductivity and alkalinity were made in situ on unfiltered samples, whereas major ions were determined in the laboratory using standard analytical methods. Analysis of major anions is done by liquid chromatography on filtered samples (0.45-µm filter). The 250-mL filtered samples collected allow repeat measurements and dilutions if required. Cations are analyzed by atomic absorption spectrometry on samples filtered (0.45 µm) and acidified with reagent-grade nitric acid to below pH 2. The chemical composition (mg/L) and physical properties of sampled waters are given in Tables 1 and 2 .
Results and Discussion
General Hydrochemistry
Physicochemical characteristics. Temperature and pH:
The temperatures measured in the Oumlaachar and Seyyad sub-basins ranged from 22 to about 25°C. Therefore, the groundwater in these two sub-basins is homogeneous in temperature.
The values of pH fluctuate in the range of 7 to about 9. The recorded values of pH, higher than the first pKacide but lower than the second pKacide of the carbonic acid, indicate the bicarbonate anion is the dominant carbonate species in the groundwater.
Spatial distribution of total salinity. In the Oumlaachar sub-basin, the total salinity of groundwater increases from upstream to downstream. Thus, two regions of salinity can be distinguished ( Fig. 5a and 5b). The first includes the borders (1, 4, 112, 46) where salinity is low, except at point 58 where salinity is high related to a slow and profound circulation in the schist, and the second corresponds to the waters collected along the axis of the sub-basin where mineralization is very high.
In the Seyyad sub-basin, one can distinguish three great domains of salinity ( Fig. 6a and 6b ). The first corresponds to the waters collected along the Ouerguenoun wadi which drains the catchment of the Bani in the south, where high salinity results probably from deep and low circulation in the schist; the second includes the borders (12, 441, 1186) where salinity is low; and the third corresponds to the waters collected along the Plio-Quaternary valley of the Seyyad where mineralization is very high. The increase in mineralization downstream of the two sub-basins would result from the cumulative effect of a low rate of flow in the Plio-Quaternary formation and strong evaporation due to an increase in the level of the water table.
Nitrates in groundwater. Nitrate is also found in high concentrations in some wells throughout the study area. Nitrate is the most available indicator of organic (sewage and manure) and inorganic (artificial fertilizer) sources of contamination. Nitrate is easily dissolved in groundwater, is very mobile in subsurface flows and spreads very quickly through the fracture subsurface media. Nitrate levels in the Guelmime water wells are generally under 45 mg/L, the standard value of the World Health Organisation (WHO 1984) , except for wells 58 and 1240 in the Oumlaachar sub-basin. Nevertheless, the spectra of the values clearly indicate the vulnerability of the aquifer and the threat to it by uncontrolled and unplanified land use and excessive water and nitrogen fertilizer use. The localized high concentrations in wells 58 and 1240 would be due to manure and artificial fertilizer, owing to the important herding and developing farming activities in the areas.
Hydrochemical facies. In the Oumlaachar sub-basin, an analysis of the composition of major ions using a Piper diagram (Fig. 7) enables distinguishing between two different hydrochemical facies: (58) feeding from the buttonhole of Ifni in the northwestern part of the sub-basin.
In the Seyyad sub-basin, the analysis of the composition of major ions using a Piper diagram (Fig. 8 ) leads us to distinguish two different hydrochemical facies:
• A Mg-HCO3 facies, for wells 12, 441, 418, 419.
• A Mg-Cl and Na-Cl facies, represented by wells 1186, 1196, 1187, 1191, 1192, 900, 899, 896, 1003, 931, 880 . Figure 9 shows the distribution of facies in the Guelmime basin.
Examination of water facies in Oumlaachar and Seyyad sub-basins.
The composition of these types of water (Mg-HCO3, Mg-Cl and Na-Cl) is generally related to the composition of the aquifer materials and the origin of the water.
In the Oumlaachar sub-basin we found the facies, In the Seyyad sub-basin, in which we include Ouerguenoun, the change of water, Mg-HCO3 (12, 441) to water, Mg-Cl and Na-Cl (1186 , 1196 , 1187 , 1191 , 1192 , 900, 899, 896, 1003 are due, on one hand to the mixture of chloride-rich water from the south of the Bani with waters originating from the AntiAtlas east and northeast, and on the other hand to the interaction of water during flow path with the Quaternary deposits. It is necessary to note the importance of the chloride contribution of Ouerguenoun which drains the Bani catchment in the south of the Seyyad sub-basin. Fig. 10e and indicates a dissolution of chloride evaporates of the Plio-Quaternary for- mations. This trend is further confirmed by the variation of (Mg 2+ + Ca 2+ )/SO4 2-= f(Na + /Cl -) (Fig. 10f) , which shows that water points have a Na + /Cl -ratio lower than the unit, characteristic of the circulation of water in formations strongly concentrated in chloride evaporate (Richter and Kreitler 1986) . Figures  11a, b (Fig. 11e) confirms the correlation of the ions. The analysis of variation of (Mg 2+ +Ca 2+ )/SO4 2-= f(Na + /Cl -) (Fig. 11f) , indicates Na + /Cl -ratios less than 1 which would be related to the aquifer materials, strongly concentrated in chloride evaporates. This observation is true for all sampling points in the Seyyad valley.
Origin of mineralization.
Correlation between ions-Seyyad sub-basin:
Saturation index
To evaluate the equilibrium state of groundwater with respect to mineral phases, the activity coefficients, concentrations and ion activities are determined using a chemical speciation model.
The difference between the theoretical solubility product of a given mineral phase (Ksp) and the ion activity product (IAP) of the water constituents is expressed as a saturation index (SI) defined by:
If the SI is less than zero, the groundwater is undersaturated with respect to the mineral phase and there is potential for the mineral to dissolve. If the SI is greater than zero, the groundwater is oversaturated with respect to the mineral phase and the mineral may precipitate from solution.
The saturation index was calculated by using the Code NETPATH (Plummer et al. 1991) .
Figures 12 and 13 show that the groundwater is oversaturated with respect to calcite and dolomite in the two sub-basins, except at points 1, 4, 58, 46, 24 and 896 in the Oumlaachar sub-basin and points 441, 1191, 1198 and 899 in the Seyyad sub-basin, which are undersaturated with respect to calcite only. Undersaturation with respect to gypsum is ubiquitous in the basin.
Dedolomitization phenomena
Dedolomitization, as described by Plummer et al. (1983) , is caused by the irreversible dissolution of sulphates accompanied by dolomite dissolution and calcite precipitation. Figures 14 and 15 show the evolution of the saturation index of calcite, dolomite and gypsum relative to the concentration of sulphates. We note that the gypsum SI indicates undersaturated conditions while the calcite index indicates near saturation or oversaturation along two valleys of sub-basins, when the concentrations of SO4 2-increase from upstream to downstream of the Oumlaachar and Seyyad sub-basins. The degree of undersaturation of the groundwater, with respect to gypsum, increases as the concentration of Ca 2+ and the Ca 2+ /Mg 2+ ratio increases. This ratio, when higher than 0.5, thermodynamically indicates the potential for dedolomitization (Plummer et al. 1983 and corroborates the potential dissolution of dolomite and gypsum. These processes explain the high Mg 2+ charge of water in the Oumlaachar and Seyyad sub-basins.
Conclusion
The groundwaters of Guelmime are characterized by a chemical facies of type: Mg-HCO3, Mg-Cl and Na-Cl. The total dissolved solids (TDS) increase along the flow path toward the downstream end of Oumlaachar and Seyyad sub-basins. The nitrates are present at no negligible concentration and rise to high values in localized areas of the Oumlaachar sub-basin. The origin of NO3 -in the groundwater would be the inorganic fertilizer and manure used in relation to the agricultural practices and growing farming activities in the area.
In the Oumlaachar sub-basin one can distinguish two types of waters:
• Slightly mineralized HCO3-rich groundwater collected at the upstream end of the sub-basin, except at well 58, which represents a Mg-Cl facies.
• Water characterized by a higher salinity, mainly of type Mg-Cl, collected at the downstream end of the sub-basin.
In the Seyyad sub-basin, one can distinguish three types of waters:
• Water characterized by higher salinity of the type Mg-Cl collected along the Ouerguenoun river at the southeast of the sub-basin.
• Slightly mineralized HCO3-rich water collected at the border of the sub-basin (northeastern and east of the sub-basin).
• Water having a very high mineralization with a facies, Mg-Cl, collected along the Plio-Quaternary valley.
Two sources of mineralization can be highlighted by the hydrochemical analysis of water in the Oumlaachar and Seyyad sub-basins, in relation to the geological data:
1) The first source is related to dissolution of chloride evaporate of the Plio-Quaternary formations. 2) The second is related to the process of dedolomitization which explains the undersaturation of gypsum as well as the increase in Mg concentrations.
These data are corroborated by the geology of the basin. The salinity is all the more significant since the Plio-Quaternary formations, a source of the evaporates, are deep. This explains the more significant water ionic load of the Seyyad compared to the Oumlaachar sub-basin.
In addition, the elevated nitrate concentrations and their distribution in the aquifer clearly illustrate the strong anthropogenic impact on the water quality, and will constitute, in the future, a serious threat to the availability of drinking water in the region.
